To study the evolution of recombination rates in apes, we developed methodology to construct a fine-scale genetic map from high-throughput sequence data from 10 Western chimpanzees, Pan troglodytes verus. Compared to the human genetic map, broad-scale recombination rates tend to be conserved, but with exceptions, particularly in regions of chromosomal rearrangements and around the site of ancestral fusion in human chromosome 2. At fine scales, chimpanzee recombination is dominated by hotspots, which show no overlap with those of humans even though rates are similarly elevated around CpG islands and decreased within genes. The hotspot-specifying protein PRDM9 shows extensive variation among Western chimpanzees, and there is little evidence that any sequence motifs are enriched in hotspots. The contrasting locations of hotspots provide a natural experiment, which demonstrates the impact of recombination on base composition. M ultiple factors are likely to influence recombination rate, from the scales of individual hotspots to entire chromosomes. Evidence as to the nature and importance of such factors can potentially be obtained by studying the evolution of recombination rates at different scales (1). For example, previous studies of localized regions suggest that recombination hotspots are typically not shared between humans and chimpanzees (2-6), likely due to the function of the zinc-finger protein PRDM9 (2, 7, 8), which binds motifs associated with hotspot activity (7, 9) and is highly diverged between the human and chimpanzee reference genomes (2, 10). In humans, sequence variation within the PRDM9 zinc-finger array leads to differential activity at both allelic and nonallelic cross-over hotspots (7, 11, 12) , and alleles found only in individuals of African ancestry lead to population-specific hotspots in patterns of both linkage disequilibrium (LD) and admixture (13). However, to assess whether different classes of hotspot evolve in different ways, or to study recombination rate evolution over broader scales, requires genome-wide fine-scale genetic maps, which have only been generated for humans (13-16) and several distantly related model species including mice (17) and yeast (18, 19) . Experimental techniques for identifying recombination events require either extensive pedigree data (15) or molecular characterization of meiotic cells (17-19), which are impractical for many species of interest. Methods for estimating recombination rates from single-nucleotide polymorphism (SNP) data (20, 21) have been validated at both broad and fine scales (14, 20) , but there remains a gap for species without SNP arrays (i.e., most species). Hence, we set out to develop approaches based on sequence data, which, if successful, potentially open the possibility of producing genetic maps for many species.
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To study the evolution of recombination rates in apes, we developed methodology to construct a fine-scale genetic map from high-throughput sequence data from 10 Western chimpanzees, Pan troglodytes verus. Compared to the human genetic map, broad-scale recombination rates tend to be conserved, but with exceptions, particularly in regions of chromosomal rearrangements and around the site of ancestral fusion in human chromosome 2. At fine scales, chimpanzee recombination is dominated by hotspots, which show no overlap with those of humans even though rates are similarly elevated around CpG islands and decreased within genes. The hotspot-specifying protein PRDM9 shows extensive variation among Western chimpanzees, and there is little evidence that any sequence motifs are enriched in hotspots. The contrasting locations of hotspots provide a natural experiment, which demonstrates the impact of recombination on base composition.
M ultiple factors are likely to influence recombination rate, from the scales of individual hotspots to entire chromosomes. Evidence as to the nature and importance of such factors can potentially be obtained by studying the evolution of recombination rates at different scales (1) . For example, previous studies of localized regions suggest that recombination hotspots are typically not shared between humans and chimpanzees (2-6), likely due to the function of the zinc-finger protein PRDM9 (2, 7, 8) , which binds motifs associated with hotspot activity (7, 9) and is highly diverged between the human and chimpanzee reference genomes (2, 10) . In humans, sequence variation within the PRDM9 zinc-finger array leads to differential activity at both allelic and nonallelic cross-over hotspots (7, 11, 12) , and alleles found only in individuals of African ancestry lead to population-specific hotspots in patterns of both linkage disequilibrium (LD) and admixture (13) . However, to assess whether different classes of hotspot evolve in different ways, or to study recombination rate evolution over broader scales, requires genome-wide fine-scale genetic maps, which have only been generated for humans (13) (14) (15) (16) and several distantly related model species including mice (17) and yeast (18, 19) . Experimental techniques for identifying recombination events require either extensive pedigree data (15) or molecular characterization of meiotic cells (17) (18) (19) , which are impractical for many species of interest. Methods for estimating recombination rates from single-nucleotide polymorphism (SNP) data (20, 21) have been validated at both broad and fine scales (14, 20) , but there remains a gap for species without SNP arrays (i.e., most species). Hence, we set out to develop approaches based on sequence data, which, if successful, potentially open the possibility of producing genetic maps for many species.
Constructing a fine-scale chimpanzee genetic map from population sequencing. The genomes of 10 unrelated Western chimpanzees, Pan troglodytes verus, were sequenced (average 9.1× coverage; table S1). Variants and haplotypes were inferred in a manner similar to that inferred for the 1000 Genomes Project (22, 23) . Across the autosomes, we identified 5.3 million SNPs with a false-discovery rate of less than 3% (tables S2 and S3 and fig. S1 ). With 85% power to detect variant alleles present more than once in the sample ( fig. S2 ) and >97% genotype accuracy (23) , these data enable the construction of a highresolution genetic map.
A major challenge in estimating genetic maps from sequence data is that erroneous, misassembled, or incorrectly genotyped genetic variants may mimic the effects of recombination. Initial maps estimated from variation data by existing methods (20) were dominated by large and artefactual increases in genetic distance ( fig. S3 ) caused by clusters of false-positive SNP calls, often in large repeats that are systematically underrepresented in the chimpanzee reference genome ( fig. S4 ). Most of these SNPs do not fail standard filters; hence, we developed regional filtering strategies (23) . To validate the protocol and to estimate the sampling variance, we performed the same analyses on 10 human samples each from populations of European (CEU) and African (YRI) ancestry from the 1000 Genomes Project (22, 23). Genetic maps estimated for the human data sets showed strong correlations to previously generated LDbased maps, enabling us to quantify map quality (tables S4 and S5 and fig. S5 ) (16, 23) . Hotspots estimated in the human data are concordant with previously described peaks in recombination rate ( fig. S6 ). Moreover, we found a strong correlation between rates estimated in this study and from limited genomic regions in a larger sample of Western chimpanzees (5) (r = 0.67 at 20 kb; fig.  S7 ). We conclude that sequencing data from only 10 individuals gives sufficient power to identify hotspots and estimate recombination rates at broad and even fine scales. For comparative analysis, we aligned genetic maps from human and chimpanzee over 2.5 Gb of synteny, 90% of the assembled genomes ( fig. S8 ).
Broad-scale recombination rates. At the level of entire chromosomes, recombination rates were found to be very similar in humans and chimpanzees ( fig. S9) , with the exception of chromosome 2, discussed below. Even at the megabase scale, strong similarities emerge between human and chimpanzee rates, particularly driven by subtelomeric rate increase in both species (Fig. 1A ). Yet we also found regions with substantial divergence (Fig. 1B) . Notably, inverted regions showed a lower correlation in rate than noninverted regions (Fig. 1C and fig. S10 ), despite causing no systematic change in mean rate, indicating that chromosomal rearrangements often result in broad-scale changes in recombination rate. Change in distance to the telomere is a major significant factor (table S6; P = 4 × 10
), with regions that move closer to the telomere increasing in rate. All except one of the inverted regions are pericentric; hence, the effect is not due to changes in proximity to the centromere.
The most notable change in broad-scale recombination rate is between the short arms of chimpanzee chromosome 2a and 2b and the orthologous regions in human chromosome 2, which originated from a telomeric fusion event in the human ancestral lineage (24) and which provides a natural experiment to explore the effect of chromosomal organization on recombination (Fig. 1D) . We found that whereas the subtelomeric regions of chromosome 2a and 2b in chimpanzee show high recombination rates, the rate over the syntenic region in humans is suppressed by nearly threefold, and overall, the genetic map length of the fused chromosome is reduced by 20%. The extent to which recombination events are concentrated within the fused region is no different than in the unfused regions ( fig. S11) , indicating that the change in broad-scale rates was not accomplished by specifically eliminating cross-over events at hotspots.
Although less pronounced, regions within structurally conserved chromosomes can also show large changes in rate between species ( Fig. 1E ; 1-Mb correlation between human and chimpanzee maps in conserved regions is 0.60). Using a linear model, we found that the strongest deter- minant of rate divergence in noninverted regions was base composition, such that although there is a substantial correlation between GC fraction and recombination rate in humans (partial r = 0.51 at 1Mb scale, with substantial variation between chromosomes, fig. S12 ), the correlation is much weaker in chimpanzees (partial r = 0.11; fig. S12 ). One consequence is that in low-GC regions (GC fraction <35%), the recombination rate in chimpanzees is more than 50% higher than in humans.
Fine-scale recombination rates. In humans, the PRDM9-bound 13-base pair (bp) motif is clearly detected only in a minority of hotspots (25) , although activity at some hotspots with no clear match is PRDM9-dependent (7, 11) . Nevertheless, there could exist different classes of hotspot in humans, some of which are PRDM9-independent and hence potentially shared between species. However, we found no evidence of sharing of recombination hotspots between species (Fig. 2 , A and B, and fig. S13 ), even for human hotspots with no match to the PRDM9 motif ( fig. S13 ).
Despite the absence of hotspot sharing, the landscape of recombination in the chimpanzee population is dominated by recombination hotspots to a similar extent as in African populations ( Fig. 2C ; though European populations show greater concentration of recombination). Moreover, the average fine-scale recombination rate profiles around genes and CpG islands are similar between species. Recombination increases on average by about 20% around transcription start and end sites and decreases on average by about 30% within the transcribed region (Fig. 3A) . Such concordance suggests that features affecting chromatin state-for example, nucleosome occupancy, which is destabilized around CpG islands and promoters (26)-may similarly shape the propensity for recombination at these sites in humans and chimpanzees (17, 19, 27) . Possibly reflecting a similar effect, we found recombination to be elevated around CpG islands in both species (Fig. 3B) , although the effect is stronger in chimpanzees (increase of nearly 50% in rate relative to background compared to 15% in humans). The rate elevation around promoters in humans was found to be driven by genes that have a high rate of CpG methylation in sperm, but in chimpanzees it occurs around genes with low rates of sperm CpG methylation (fig. S14).
Extensive structural and sequence diversity in chimpanzee PRDM9. We sequenced 48 PRDM9 alleles from Western chimpanzees, including alleles from the 10 individuals for whom genomewide data were collected. We found extensive variation in the number of zinc fingers and the identity of the DNA-contacting residues, with three common alleles of 6, 16, and 18 zinc fingers (Fig. 4A) , a level of diversity greater than in human populations (Fig. 4A and fig. S15 ). Sequences from three Bonobo and one Eastern chimpanzee revealed a shared and hence potentially ancestral six-zinc-finger PRDM9 variant (Fig. 4A ) not found in the Western samples, suggesting that Western allelic diversity may have arisen since the separation of the subspecies~0.51 million years ago (28) . Moreover, patterns of polymorphism among zinc fingers pointed to recurrent adaptive evolution of DNA-contacting residues, as seen in other mammalian species (10, 23) .
In humans, using the same number of hotspots as detected in chimpanzees, we can identify the known motifs associated with hotspot activity ( fig. S16 ). In Western chimpanzees, computationally predicted (23, 29) DNA-binding motifs for the different PRDM9 variants showed considerable overlap of submotifs ( fig. S17 ). However, we found no evidence for local increases in recombination rate around any of the shared submotifs (Fig. 4C) or best matches to the predicted binding targets across the genome (23) .
Moreover, a systematic analysis of repeatelement families showed no overall correlation in recombination-localizing activity between humans and chimpanzees (Fig. 5A) . The strongest activating repeats in humans (LTR49, THE1A, and THE1B), which all contain the human PRDM9 A-allele 13-bp binding motif CCTCCCTNN-CCAC, suppress recombination in chimpanzees (Fig. 5B, top) . A second class of elements, typically of low complexity (CT-rich, GA-rich, and G-rich), was found to be weakly activating in both species (Fig. 5B) , whereas a few elements (e.g., L1PA2) suppress recombination in both species (Fig. 5b, middle right) . Only a few elements [notably (GGAA) n and MER92B elements] showed activation only in chimpanzees (Fig. 5b,  bottom, and fig. S18 ). Among these and other repeats, we found that motifs with high GC fraction and CpG dinucleotide content lead to local rate increases in chimpanzees (table S7) . For example, on Alu elements the motif CGGGCGC showed significant hotspot enrichment (P corrected = 2 × 10 −4 , RR = 1.2), but the effect was better explained by CpG content (fig. S19 ).
We also carried out an exhaustive search for short DNA motifs enriched in nonrepeat DNA recombination hotspots relative to cold-spots, which identifies the known motifs CCTCCCT and CCCCACCCC and related sequences in the samples of 10 humans (14) (RR = 1.16 and 1.28, respectively; P < 1 × 10 -10 after Bonferroni correction). In chimpanzees, the same approach only identifies two motifs, CGCG and CCCGGC, that are significantly enriched in chimpanzee hotspots after Bonferroni correction (corrected P = 0.0024, RR = 1.28 and P = 0.015, RR = 1.31, respectively; table S8). Both motifs are typical of CpG islands. Overall, we could not identify any motif that was consistently activating in chimpanzees across multiple backgrounds ( fig. S20) .
The influence of recombination on sequence evolution. Shifts in both local and broad-scale patterns of recombination between humans and chimpanzees act as natural experiments that reveal the effect of recombination on patterns of molecular evolution while other factors, for example, gene density, remain similar. In particular, we can assess the ability of recombination to drive local increases in GC content through a preference for GC bases during mismatch repair within gene conversion tracts (30, 31) . Around human hotspots, we observed strong GC skew in both patterns of polymorphism (40% increase in GC skew at the hotspot center) and substitution (20% increase in GC skew), but only for mutations on the human lineage (Fig. 6A and fig. S21 ). In chimpanzees, we observed much weaker signals of GC bias (18% increase in GC skew at the hotspot center for polymorphisms compared to 10% increase for substitutions; Fig. 6B ), despite comparable density and intensity for chimpanzee and human hotspots. These observations are consistent with a recent origin for hotspot locations in both species, and a more recent origin in chimpanzees.
At the megabase scale, we found that changes in the rate of recombination between species correlate with changes in GC bias in both substitutions and polymorphisms (Fig. 6C) . The correlation was stronger in polymorphism (r = 0.39 in nonrearranged regions) than substitution (r = 0.25), consistent with the changes in broad-scale recombination being evolutionarily recent. We see stronger correlations in regions that have experienced chromosomal rearrangements, where the changes in recombination rate have typically been greater. The most pronounced changes are seen in the chromosome 2 fusion region, where the suppression of recombination in the regions syntenic to the short arms of chimpanzee chromosomes 2a and 2b has led to a large reduction in GC skew over megabase scales (32) .
Discussion. Our study demonstrates how finescale genetic maps can be obtained by the analysis of patterns of genetic variation obtained from population sequencing. Studying humans and Western chimpanzees, we found no hotspot sharing between the two species, consistent with earlier The value reported is the ratio of the peak rate to background rate, as estimated from the robust genetic map after fitting a Gaussian profile using maximum likelihood. Repeat elements were required to have greater than 200 instances after thinning elements to at least 10-kb separation, and a profile fit with R limited data (2-6) . The complete lack of hotspot sharing is consistent with the hypothesis that in humans, PRDM9 plays a critical role in localizing cross-over activity at all hotspots, not just those that contain clear matches to previously identified motifs bound by PRDM9. Despite the marked shift in hotspot locations between the two species, we found that some finescale patterns, particularly the average profile of recombination rate around genes and CpG islands, remain similar, pointing to the importance of chromatin state in influencing where doublestrand breaks occur (19) or to additional levels of control acting on broader scales (19, 33) .
A notable difference between the species is that in chimpanzees no repeat elements, simple DNA motifs, or predicted PRDM9 binding sites are strongly or consistently associated with hotspot locations. There are three possible explanations. First, PRDM9 may have lost its role in specifying hotspot locations in chimpanzees, as has occurred in dogs, although we find no evidence for inactivating mutations (34) . Second, PRDM9 alleles may each have similar specificity to target DNA sequences, but the substantial allelic diversity and their possibly recent origin may obscure signals for individual alleles. However, this hypothesis cannot explain why, when the density and strength of hotspots at the population level are similar in African populations and Western chimpanzees (Fig. 2c) , we can recover known PRDM9-binding motifs in humans but no comparable motif in chimpanzees. Third, PRDM9 may play the same role as in humans and mice, but individual PRDM9 alleles may bind to a much greater variety of target sequences than do the predominant human alleles. If so, hotspot localization in chimpanzees may be more strongly driven by other factors, such as chromatin state. Whichever hypothesis is correct, one consequence is that, across the genome, no motif in chimpanzees will be strongly targeted for depletion by the inherent self-destructive drive of hotspots (though specific instances may be).
Our results also reveal the different processes that operate at fine and broad scales. At broad scales, we find substantial correlation in recombination rate between the species, which is disrupted by chromosomal rearrangement. However, even among conserved regions, less than 40% of the variance in chimpanzee recombination rate at 1 Mb can be explained by the human rate. Determining the factors that shape stasis and change in broad-scale recombination rates presents a key A magnetic skyrmion is a topologically stable particle-like object that appears as a vortex-like spin texture at the nanometer scale in a chiral-lattice magnet. Skyrmions have been observed in metallic materials, where they are controllable by electric currents. Here, we report the experimental discovery of magnetoelectric skyrmions in an insulating chiral-lattice magnet Cu 2 OSeO 3 through Lorentz transmission electron microscopy and magnetic susceptibility measurements. We find that the skyrmion can magnetically induce electric polarization. The observed magnetoelectric coupling may potentially enable the manipulation of the skyrmion by an external electric field without losses due to joule heating.
T opological spin textures in solids are of great interest to future spin-electronic technology. One example is a magnetic skyrmion (1-3), a vortex-like spin-swirling object ( Fig. 1H) with a typical size of 10 to 100 nm, recently observed in chiral-lattice magnets (4-7). Conduction electron flow with low current density can drive skyrmion motion, which in turn gives rise to the transverse electromotive force (8) (9) (10) . Such electric controllability, as well as its particle-like nature with nanometric size, points to potential application of skyrmions in highdensity magnetic storage devices.
Another promising route to electric control of magnetism is through the usage of multiferroics, insulating materials characterized by both magnetic and dielectric orders (11) . Recently, helical spin textures have been found to affect the symmetry of charge distribution and magnetically induce electric polarization (P) in compounds such as TbMnO 3 (12) (13) (14) . Such coupling between ferroelectricity and magnetic structure enables versatile magnetoelectric response, such as the magnetic field (H) control of electric polarization direction (14) and the electric field (E) control of spinchirality (15, 16) , magnetic modulation vector ( → q) (17) , and magnetic domain distribution (18) . Because the energy dissipation by applied E is negligible in insulators, this approach is energetically more efficient compared with the current-driven approach in metals or semiconductors.
In the noncentrosymmetic environment of a chiral lattice, the spin-exchange interactions are composed of two terms: symmetric stems from the relativistic spin-orbit interaction and tends to stabilize helical (mostly screwlike) spin texture with fixed handedness (spin chirality) against the simple ferromagnetic state. The skyrmions or their crystallized form are known to appear in a restricted window of magnetic fields and temperatures in chiral-lattice helimagnets as the intervening state between the helical and field-induced spin-collinear (ferromagnetic) states. The crystallized form of skyrmions has been experimentally detected in specific metallic alloys with B20 structure, such as MnSi (4), Fe 1-x Co x Si (5, 6), and FeGe (7). They all have a cubic crystal lattice with chiral space group P2 1 3, as well as the helimagnetic ground state formed as a result of the competition between the ferromagnetic exchange and D-M interactions (19) . In bulk form, their magnetic phase diagram is characterized by the so-called A-phase, positioned within a narrow temperature (T) and magnetic field window just below the magneticordering temperature (T c ) (20) (21) (22) , where the formation of a triangular lattice of skyrmions is confirmed by small-angle neutron scattering experiments (4, 5) . In each skyrmion, spins at the core (or edge) of the vortex orient antiparallel (or parallel) to the applied H. The real-space observation of skyrmion crystal (SkX) by Lorentz transmission electron microscopy (TEM) has been
